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Introduction
Heterogeneous photocatalytic oxidation (PCO) has been extensively investigated as a method to oxidize organic pollutants in water and air [1, 2, 3] . PCO is a promising technology to decompose at ambient temperature some volatile organic compounds (VOCs) at low concentration. Propene is considered a highly reactive volatile organic compound which is involved in the formation of ground-level and tropospheric ozone and, therefore, in photochemical smog [4, 5] . Propene is one of the major sources of indoor air pollution because it is one of the principal components of tobacco smoke, together with other alkenes [6] . Titanium dioxide (TiO 2 ) has been successfully employed for the photocatalytic oxidation of propene at low concentration and room temperature [7, 8, 9, 10, 11, 12] .TiO 2 is an interesting material as semiconductor, having high photochemical stability and being easily available and cheap [13] . However, the preparation conditions under which the TiO 2 powders are synthesized lead to significant variation in their structure, particle size, specific surface area, crystallinity, pore structure, and hence, photoactivity [14, 15] .
The photocatalytic activity mainly depends on the material's crystallinity and specific surface area. A good crystallinity is often required to reduce the formation of electron traps, which might affect the photocatalytic efficiency [16] , and a large specific surface area can supply more active sites and higher number of adsorbed substrates [17] . To obtain highly active TiO 2 photocatalysts, therefore, it is important simultaneously maximize these two properties. However, the synthesis of stable titania with high crystallinity and large surface area is still a challenge.
The effect of particle size on the photoactivity of TiO 2 was investigated by several researchers [12, 17, 18, 19, 20] . Experimental research led to the discovery that, for a Page 6 of 34 A c c e p t e d M a n u s c r i p t given application, an optimum particle size of TiO 2 exists such that the photocatalytic oxidation rates of organic substrates are maximized [15] . Titania nanoparticles with very fine sizes are promising in many applications [17, 20, 21] . In almost all of these cases, when the particle size is greatly reduced due to a large surface to volume ratio, especially to several nanometers' scale, some novel optical properties can be expected [22] . It is not surprising, therefore, that an intense research has been focused upon the reduction of particle size. It was usually found that different routes often produce different results [23, 24, 25] . So, it is interesting to continue investigating in detail the methods which may have an important effect on the particle size.
There are many low temperature methods available for the synthesis of small TiO 2 nanoparticles, such as ultrasonic irradiation [26] , UV light assistance [27] , solvent evaporation-induced crystallization [28] , sol-gel [29] and so on. Among these methods, the sol-gel method is the most widely employed due to the inexpensive equipment required, the low temperatures used and the homogeneous and highly pure product produced. Usually, crystallization of TiO 2 has been carried out by processes such as severe calcination and hydrothermal treatment [30, 31] . The use of high temperatures would result in the growth of crystal particles, causing structural collapse and, therefore, decrease in the specific surface area of TiO 2 . A reasonable pathway to avoid these problems would be to lower the temperature of the phase transition [32] and, in this sense, methods based on crystallization of titania by mild acid treatments are being studied [33, 34, 35] . The novelty of this work is to study the influence of hydriodic acid (HI) in the synthesis and extraction-crystallization steps and hence on the properties of TiO 2 nanoparticles, and also the application of the prepared materials in the photocatalytic oxidation of propene, since the catalysts previously prepared were used for the removal of contaminants in liquid phase, showing low activity.
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A c c e p t e d M a n u s c r i p t Additionally, it is also known that in the presence of a typical surfactant, micro/mesoporous structures might be generated via sol-gel route [36] . The micropores formation depends on the contribution of important factors such as: i) the inclusion of the surfactant groups into the TiO 2 framework, ii) the low condensation degree of titania derived from the acidic synthesis conditions and iii) the subsequent treatment of the obtained xerogel with acid mixtures under reflux that provides micro/mesoporous TiO 2 , exhibiting remarkable textural properties based on anatase nanocrystallites [36] .
Considering these aspects, in the present work we have synthesized TiO 2 nanoparticles using surfactant-assisted templating sol-gel method. The Pluronic P123 is used as nonionic surfactant in order to obtain mesoporous titanium dioxide with small anatase crystal size. This preparation method is based on a two-step procedure: (i) the preparation of the amorphous TiO 2 and (ii) the control of the crystalline phase growth of the sample by acid-ethanol treatment. The first step takes place by sol-gel in acidic conditions, and leads to the formation of complexes between polarized carbonyl active groups of P123 and titanium cations [37] , leading the hydrophilic/hydrophobic interactions to the formation of the mesostructure. The second step, that is referred to in the manuscript as extraction-crystallization, involves an acid-ethanol treatment, which leads to the removal of the Pluronic P123 surfactant and allows to improve the phase transition from amorphous phase to anatase, while the good textural properties previously produced are greatly preserved.
The effect of the nature of the acid used as catalyst in the xerogel synthesis process of the surfactant-assisted templating method (either HCl or HI) and the influence of the treatment used in the extraction-crystallization (with HCl-EtOH or HI-EtOH under reflux) on the physical properties of the nanocrystalline titania were thoroughly studied.
Finally, the physical properties of the prepared titania samples were also studied in A c c e p t e d M a n u s c r i p t relation to their photocatalytic activity in the oxidation of propene in gas phase at low concentration (100 ppmv) at room temperature under UV-light sources with wavelength 365 nm.
Experimental

Chemicals
Reagents used for the synthesis included an amphiphilic triblock copolymer that will be referred to as TTIP, 97% purity from Aldrich, used as Ti precursor. All chemicals were used as received.
Preparation procedure
The synthesis method is based on a two-step procedure including an acid in each of both steps: i) synthesis of the TiO 2 xerogel and ii) extraction-crystallization of TiO 2 xerogel by treatment with refluxing acid-EtOH mixture. As previously explained, the first step provides materials with highly porous properties but with amorphous titania walls. The extraction-crystallization of the TiO 2 xerogel is carried out in a second step, through a mild acid treatment, which allows a controlled phase transition into the anatase form, while the good textural properties previously produced are maintained.
The detailed synthesis procedure has been performed as follows: TiO 2 nanoparticles were obtained by following a sol-gel route using titanium (IV) isopropoxide as Ti precursor and Pluronic P-123 as surfactant [34, 37] . In a typical synthesis, Pluronic P- The gels were aged at 40 ºC so that the total synthesis time was 20 h, and then they were dried under ambient conditions. The TiO 2 xerogel product was extracted-crystallized by reflux treatment (78ºC) in mixtures of EtOH-acid (HCl (0.8M) or HI (0.8M)) during 24h and, afterwards, it was centrifuged, washed with ethanol and water, and dried at 60ºC.
Subsequently, the materials so obtained were named TiO 2 -X-Y-Z, where X represents the acid employed in the synthesis of the xerogel, (Cl for HCl and I for HI), Y represents the acid employed in the extraction-crystallization (Cl for the HCl-EtOH and I for HI-EtOH) and Z represent the ratio of acid-EtOH (wt %). For comparative purposes, two samples were also prepared using the same synthesis conditions but the surfactant extraction was performed using ethanol as solvent, that is free of acid (samples TiO 2 -Cl-0 and TiO 2 -I-0).
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Characterization methods
To show the efficiency of the extraction-crystallization step to remove the surfactant from titania thermogravimetric analysis (TGA) was performed on the TiO 2 prepared samples. These analyses were performed from room temperature to 900 ºC using a STD TA Instruments thermal analyzer at a heating rate of 10 ºC/min in a 100 ml/min flow of dried synthetic air.
The porous texture characterization of the samples was obtained from physical adsorption of gases. From N 2 adsorption data at -196 ºC (Autosorb-6B apparatus from Quantachrome [38] ) the specific BET surface area (S BET ) and the micropore volume X-ray powder diffraction was performed to characterize the phase composition and crystal structure of the photocatalysts, using a Siemens D5000 instrument operating at 40 kV/20 mA with Cu Kα (1.54 Å) radiation. The scanning velocity was 2 º/min and the 2θ scanned ranged from 6º to 80º. The crystallite size was estimated by applying the Scherrer's equation [40] to the main diffraction peak. The synthesized TiO 2 samples were either amorphous or included an important percentage of anatase phase. Rutile or brookite was not detected in any of the samples prepared. In order to determine their crystalline composition, a TiO 2 reference material was prepared and used submitting several portions of sample TiO 2 -Cl-Cl-20 to different heat-treatment temperatures (from A c c e p t e d M a n u s c r i p t whereas sample heat-treated up to 250ºC only showed a well-crystallized anatase structure. Based on such observation, the sample heat-treated up to 250ºC was selected and used as the reference material, assuming that is the one having 100% anatase.
Based on the ratio between the intensity of the strongest anatase peak (101) reflection of a given sample and that for the reference sample, the anatase phase is estimated, according to the following equation:
Where R A is the fraction of anatase phase, and I AS (101 peak) and I AR (101 peak) are the intensities of the 101 anatase diffraction peaks of the prepared sample and the reference samples, respectively.
The percentage of amorphous phase, R AM , is then estimated as follows:
In the case of P25, the percentages of amorphous phase, anatase and rutile were obtained from the literature [41] .
The UV-vis/ DR spectra were analysed using a UV-vis spectrometer (Jasco V-670) equipped with an integrating sphere accessory and a powder sample holder for diffuse reflectance measurements between 200 nm and 800 nm. The reflectance signal was calibrated with a Spectralon® reference standard (Labsphere SRS-99-010, 99% reflectance). The absorption edge wavelength was estimated from the intercept at zero absorbance of the high slope portion of each individual spectrum. The band gap of the samples can be calculated from the estimated absorption edge wavelength by using the following equation [42] :
Where: Eg is band gap energy (eV) and λ is wavelength (nm). The morphology of TiO 2 nanoparticles was observed by transmission electron microscopy (TEM) using INCA Energy TEM100 equipment from Oxford Instruments.
Photocatalytic activities
The photocatalytic performance of the different materials was studied using an experimental system designed in our laboratory. The system consists of a vertical quartz reactor where the photocatalyst bed is placed on quartz wool. The reactor is 50 mm height, its diameter is 20 mm and the quartz wool support height is around 10 mm. A UV lamp is placed parallel to the quartz reactor, at a distance around 1 cm. The UV lamp radiation peak appears at 365 nm (UV-A). The commercial reference of this lamp is TL 8W/05 FAM, from Philips. Finally, the couple quartz reactor-lamp is surrounded by a cylinder covered by tin foil. A scheme of this system is detailed elsewhere [9] .
The weight of photocatalyst used in these experiments was 0.11 g for all the samples.
The photocatalysts were used for the oxidation of propene at 100 ppmv in air at room temperature, 25 ºC. The calibrated gas cylinder was supplied by Carburos Metálicos, S.A. Different flow rates of the VOC stream, 30 and 60 ml/min (STP) were tested.
These flow rates were controlled by mass flow controllers.
The VOC stream passed through the photocatalyst bed and, afterwards, to a mass spectrometer (Balzers, Thermostar GSD 301 01). After suitable calibrations, the mass spectrometer permits to follow the evolution of the concentration of propene in the outlet gas with time.
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Before each test, the samples were purged at room temperature with the calibrated cylinder of propene in air, that did not contain humidity, until the inlet and outlet concentrations remained constant. Therefore, the tests performed correspond to 0% relative humidity ones. Once samples were purged and propene concentration was stable, the UV light was switched on and the evolution of propene concentration was followed at least for four hours. Additionally, and to study the stability of the photocatalysts, the two best samples were tested for 40 hours.
VOC conversion was calculated using the flowing expression:
Where:
C initial C3H6 is the initial propene concentration, 100 ppmv. C stationary C3H6 is the stationary propene concentration in the photocatalyst bed outlet gas when the UV light is switched-on.
The amount of CO 2 resulting form propene oxidation was quantified by mass spectroscopy, using a calibrated CO 2 -cylinder with a concentration of 300 ppmv.
Results and discussion
In the following section, the characterization of the TiO 2 samples and their photocatalytic activity for propene oxidation at low concentration are discussed.
Porosity characterization of the TiO 2 samples
The N 2 adsorption-desorption isotherms of the different TiO 2 samples prepared are shown in Fig. 1 . Figures   (1a and 1b) it can be seen that when the extraction-crystallization step is carried out free of acid (i.e., by ethanol) the porous development is much superior to those obtained using acid-EtOH mixtures. These observations point out the negative influence of the presence of an acid in terms of porosity development and its effect in this complex extraction-crystallization step.
The lower porosity developments when an acid is present in the extractioncrystallization step may be related to the fact that the presence of an acid favours some crystal growth, which leads to lower porosity developments, as it will be commented in the sect sections.
Another conclusion that can be extracted from Figures 1a and 1b is that the shape of the isotherms, in particular the mesopore contribution, is influenced by the acid used during the extraction-crystallization step. Thus, the use of HI-EtOH in this step leads to larger mesopore contributions. comparison to those extracted with ethanol might be due to differences in their crystalline structure, as it will be discussed next.
A c c e p t e d M a n u s c r i p t 
X-ray diffraction characterization
The effect of the presence or absence of an acid in the extraction-crystallization step was also analyzed in terms of the crystallinity developed in each material. The crystalline structure of the synthesized TiO 2 samples was analyzed by XRD. Scherrer equation [43] , see Table 2 . It is also important to remark that anatase was detected as the unique crystalline form of titania in the samples treated with acid in the extraction-crystallization. The crystalline properties of TiO 2 nanoparticles, compiled in Table 2) show that samples for which extraction-crystallization was performed either with HCl-ethanol or HI-ethanol are virtually identical, not only from the porosity point of view (see Table 1 ), but also because these samples exhibit anatase as the only crystalline phase present, at least detectable by XRD.
In the two series of samples prepared it is observed that the lower crystalline sizes are achieved when the acid used in the extraction-crystallization is the same as that used for the preparation of the xerogel. However, the presence of structural defects, degree of condensation, or other interesting data related with crystallinity cannot be precisely determined by this analytical technique.
UV-vis analysis of TiO 2 nanoparticles
UV-visible spectra (see Fig. 3 ) were obtained to evaluate the photoresponse of the TiO 2 materials prepared to the solar spectrum. It can be seen that when hydriodic acid is used in the preparation of the xerogel and, especially when this acid is used in the extractioncrystallization step, UV-visible spectra exhibit an absorption shoulder in the interval between 400-700 nm, which is consistent with the spectral range where iodine absorbs [44] . This is especially noticeable in samples nm, respectively, which is typical for anatase phase. The differences in the absorption edge can be attributed to the combination of acids used, which leads to differences in the prepared semiconductors in terms of their crystalline structure. [47] , although the fact that iodine species might be adsorbed on TiO 2 , according to previous results [44] , can not either be discarded.
Additionally, Table 3 summarizes the absorption edges (λ) and energy gap values (Eg) of all photocatalysts. 
TEM analysis
Transmission electron microscopy (TEM) was used to characterize the different samples. Fig. 4a and b show TEM images of samples where the extractioncrystallization has been performed only with EtOH (samples TiO 2 -Cl-0 and TiO 2 -I-0).
The low ordering degree of the TiO 2 structure for these two samples is confirmed.
When these images are magnified (images not included), crystal planes that are randomly oriented across the particles can be detected. The presence of these crystalline phases was not observed in the XRD patterns because of the small size of the nuclei [49] . Therefore, it must be remarked that only some parts of the material have some structural ordering when ethanol is the agent used in the extraction-crystallization M a n u s c r i p t In general, TEM analysis shows that when HCl is used in the synthesis of the xerogel, the resulting materials are quite crystalline. Let us remark the high crystallinity observed in TiO 2 -Cl-Cl-20 (see Figure 4c ).
Photocatalytic activity of TiO 2 nanoparticles
The use of wavelengths in the range near the solar radiation is of great interest in photocatalysis since it would permit to avoid the use of artificial light for the oxidation A c c e p t e d M a n u s c r i p t recalled that the absorption edge wavelength for these two samples is 402 and 409 nm, respectively, (see Table 3 ) and the more similar the wavelength of the radiation used and the energy band gap value, the more efficient the electron promotion [50] .
The A c c e p t e d M a n u s c r i p t
Conclusions
Nanostructured TiO 2 photocatalysts have been synthesized by a new sol-gel synthesis route which consists of the treatment of TiO 2 xerogels with two types of acid-ethanol mixtures in two different steps, synthesis and extraction-crystallization at low temperature, 78ºC, and using Pluronic P123 as template.
The materials prepared by the use of HCl and HI solutions present surface areas ranging from 250 to 460 m 2 /g, with an important contribution of micro and mesoporosity, and different degrees of crystallinity depending on the experimental conditions used.When using pure ethanol in extraction-crystallization large surface area amorphous TiO 2 is obtained, whereas when using acid:ethanol mixtures very small size anatase crystals, ranging from 5 to 7 nm, are obtained.
The prepared samples exhibit significant photocatalytic activity for propene oxidation at low concentration (100 ppmv) in gas-phase using UVA lamp. In particular, the use of HCl-EtOH mixture for the extraction-crystallization step provides the best photocatalytic properties, superior than the reference commercial P25 from Evonik (previously known as Degussa), due to the crystallinities and small anatase phase sizes and, especially, because of the similarity between radiation used, 365 nm, and the absorption edge wavelengths of these materials, 402-409 nm, confirmed by UV-vis spectra analysis, which provide very good photocatalytic performance.
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